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[57] ABSTRACT

An ultra-fine microfabrication method using an energy beam
is based on the use of shielding provided by nanometer or
micrometer sized micro-particles to produce a variety of
three-dimensional fine structures which have not been pos-
sible by the traditional photolithographic technique which is
basically designed to produce two-dimensional structures.
When the basic technique of radiation of an energy beam
and shielding is combined with a shield positioning tech-
nique using a magnetic, electrical field or laser beam. with
or without the additional chemical effects provided by
reactive gas particle beams or solutions, fine structures of
very high aspect ratios can be produced with precision. The
microfabrication method include radiating a Fast Atomic
beam through a patterred photoresist Film to fabricate a
pattern of (.1 to 100 nm in a target object.

3 Claims, 13 Drawing Sheets
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ULTRA-FINE MICROFABRICATION
METHOD USING A FAST ATOMIC ENERGY
BEAM

This is a division of application Ser. No. 08/610.235.
filed Mar. 4, 1996 pending.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates in general to a method of
fabricating materials., and relates in particular to a method of
ultra-fine microfabrication using an energy beam to fabricate
next generation VLSI devices. ulira-fine structures. quantum
effect devices and micro-machined devices. and relates also
to evaluating the fabrication properties of the energy beam
using the method.

2. Description of the Related Art

Photolithography and photomasking to generate a device
pattern on a substrate base have been an essential part of
fabrication of semiconductor devices. A photolithographic
device fabrication process is based on masking those regions
of the substrate base which are not to be etched with a
photoresist mask, and etching the base material away from
those regions which are not protected by a photoresist mask,
thereby producing on the fabrication surface ditches or
recesses whose depths are dependent on the duration of
etching.

FIGS. 15A-15E illustrate the processing steps (step 1
through step 5. respectively) involved in the conventional
technique based on the use of photoresist masking. In step
1. the surface of a substrate base 1 is coated with a
photoresist material 2. In step 2. ultraviolet light 4 is radiated
on the photoresist material 2 through a photomask 3 placed
on top of the coated base 1. thereby transferring device
patterns 3a formed in photomask 3 to the photoresist mate-
rial 2. In step 3. the photoresist material 2 exposed by the
photomask 3 is removed in a photographic development
process to leave behind only the unexposed regions of the
photoresist material on the base 1. In the following step 4.
unisotropical etching is carried out to remove the base
material from the fabrication surface by using ions or
radicals in a plasma etching process on those bare regions of
the base 1 not protected by the photoresist material 2. In the
final step S, the photoresist material 2 is removed. These five
steps are essential in the conventional technique to duplicate
the pattern 3a of the photomask 3 by using photolithography
to form ultra-fine ditches or recesses 1c in the surface of the
base 1. In general, it is necessary to repeat those basic five
steps a number of times to form ditches of different depths
in the base 1 before an operative semiconductor device can
be produced.

Therefore. throughout the process of conventional micro-
fabrication presented above, various photomasks 3 having
different complex photoresist patterns 3a are absolutely
essential, and furthermore. lines or holes in the range of 1
pm or less are required in the photomasks. special equipment
and effort are required. and both capital and labor expenses
associated with the technique are rather high. Even with the
best of equipment, the technique is basically not adaptable
to microfabrication in the range of nanometers. Also, for the
technique to be practical. photoresist material 2 must
respond to ultraviolet light or electron beams. thereby lim-
iting the choice of photoresist material which can be used.
Further, the use of the technique is not allowed when there
is a danger of the photoresist material becoming a contami-
nant. Further, the success of photolithography is predicated
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on precise flatness of the surface of the substrate base so that
the entire fabrication surface lies on a flat plane, to enable
uniform fabrication of the entire surface of the substrate
base. When the fabrication surface lacks flatness or
smoothness. it is not possible to produce a photoresist film
of high uniformity and to produce a precise exposure over
the entire surface.

Further, in using the conventional plasma etching process
to produce patterns of less than 1 pm in size, because of the
collision among the gas particles and charge accumulation
on the resist material. too many of the charged particles are
deviated from linearity, and strike the surface at some
non-perpendicular angles to the surface. Under such
conditions, it is difficult to produce deep vertical ditches or
recesses having a high aspect ratio (a ratio of depth to
width), and furthermore, it is nearly impossible to manufac-
ture three-dimensional structural patterns having a width of
less than | pm.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide a method
of energy beam-assisted ultra-fine microfabrication to
enable fabrication of fine structures in a nanometer range by
dispersing micro-particles as beam shielding means on a
fabrication surface of a target object. and radiating the
surface with an energy beam to produce the fine structures.
The dispersion patterns of the micro-particles can be con-
trolled as necessary by applying a magnetic or electric field
or a laser beam. To produce uniformly etched fine structures
or fine structures having high aspect ratios, the etching
process by energy beam radiation is followed by etching
with chemically reactive gaseous particles or in a chemical
solution. The method enables the production of ultra-fine
structures which are dimensionally precise and have a high
aspect ratio.

Another object of the present invention is to provide a
method of evaluating the fabrication properties of an energy
beam for use in microfabrication, such as fabricating speed.
area, depth as well as unisotropical etching properties and
other fabrication parameters such as the condition of the
surface produced by the energy beam.

The first object is achieved in a method comprising the
steps of dispersing and positioning micro-particles having
particle sizes in ranges of one of from 1-10 nm. 2 from
10-100 nm and 2 from 100 om to 10 pm. for shielding
regions of a fabrication surface of a target object form
exposure to an energy beam. and radiating the energy beam
on the fabrication surface so as to produce a fine structure by
an etching action of the energy beam on those regions of the
fabrication surface which are not shielded.

An aspect of the method is that while the energy beam is
fabricating the fabrication surface in the depth direction. the
shielding member is also etched away to produce a cone-
shaped fine structure. To enable the microfabrication
method. dispersion of the micro-particles can be performed
in one of two ways, i.e., dripping a solution containing the
micro-particles onto the fabrication surface and drying the
micro-particles on the surface, or immersing the target
object in the solution and drying the micro-particles on the
surface.

Another aspect of the method is that positioning of the
shielding members is performed with the use of a laser beam
or a magnetic/electric field on the micro-particles, and the
energy beam-fabricated object is further processed with a
reactive gas. under thermal control of the fabrication
surface. to produce an isotropically etched fine structure.
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The method as summarized above. based on shielding
provided by nano-size or micron-size particles and etching
with an energy beam. makes it possible to produce fine
structures which were not possible within the scope of
conventional fabrication methods based on photolitho-
graphic techniques.

The object of providing an evaluation method of an
energy beam is achieved in a method comprising the steps
of attaching micro-particles having a specific range of
particle sizes on a fabrication surface of a target object,
radiating an energy beam onto the fabrication surface for a
specific time interval for producing the fine structure, and
analyzing structural features of the fine structure.

When evaluating the fabrication properties of an energy
beam. the size of the fine pattern is an important parameter.
In the method of the present invention, the fine patterns are
produced by placing and attaching micro-particles in any
desired patterns on the test surface without being restricted
by the availability of pre-fabricated patterns. Therefore, fine
patterns of a wide range of sizes can be used with various
energy beams to evaluate the fabricated depth and shapes by
observing the fabricated surface with an electron
microscope, thereby permitting evaluation of a wide variety
of energy bearns. The method is also applicable to a wide
variety of qualities of the surface to be fabricated. which
presented problems in the comventional photolithography
technology, because the micro-particles may be simply
dispersed on and attached in situ to the fabrication surface
without being restricted by surface roughness or lack of
flatness.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a perspective view of a target object having
micro-particles attached to a fabrication surface.

FIGS. 2A-2C illustrate processing steps in a first method
of microfabrication of the present invention.

FIGS. 3A-3E illustrate processing steps in a second
method of microfabrication of the present invention.

FIG. 4 is a perspective view of an example of fabrication
performed by arranging micro-particles in a two-
dimensional periodic pattern on a fabrication surface of a
target object. performed according to the microfabrication
method of the present invention.

FIG. § is a perspective view of another example of
fabrication performed by arranging micro-particles in a
two-dimensional periodic pattern on a fabrication surface a
target object, performed according to the microfabrication
method of the present invention.

FIG. 6 is a cross-sectional view of an example of fabri-
cation of two tip-shaped fine structures produces by the
microfabrication method of the invention, each having a
specific arrangement of rod-shaped fine structures. on mutu-
ally intersecting planes.

FIG. 7 is a side view of an example of a cone-shaped
structure of Si fabricated on a target object according to a
microfabrication method of the present invention.

FIG. 8 is a perspective view of three-dimensional fine
structures fabricated on a plurality of faces of a target object,
produced according to the microfabrication method of the
present invention.

FIG. 9A is an enlarged cross-sectional view of a spot on
a target surface to illustrate the effect of distance form a
center C of an energy beam on the depth d of etching
achieved.

FIG. 9B is a graph showing a curve Prelating the distance
x from the center C of an energy beam on the x-axis and the
fabrication depth d on the y-axis.
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FIG. 10 is a schematic illustration of an apparatus for
evaluating the focusing property of a fast atomic beam.

FIGS. 11A-11C are graphs showing the effects of chang-
ing a parameter L in the apparatus shown in FIG. 10 on the
depth d of etching.

FIGS. 12A-12C are perspective views of objects pro-
duced by the microfabrication method by placing rod-
shaped shielding members in a periodic pattern.

FIGS. 13A and 13B are schematic views of objects
produced by placing a photoresist film in a periodic pattern.

FIG. 14 is a schematic illustration of an example of a
target object fabricated by a microfabrication method by
moving a target object.

FIGS. 15A-15E illustrate five basic processing steps
required in the conventional photolithography method of
microfabrication.

PREFERRED EMBODIMENTS OF THE
INVENTION

In the following. preferred embodiments will be
explained with reference to FIGS. 1 to 14.

FIG. 1is a perspective view of micro-particles 12 attached
to a fabrication surface of a target object 11. The drawing
illustrates a number of particles. wherein the size of the
particle is of a predetermined size in a range on the order of
om or um. The target object may be any of semiconductor
materials including at least one of GaAs, Si. S5iQ,. insulation
materials including at least one of glass and ceramics and
conductive materials such as metals.

A method of dispersing and attaching the micro-particles
12 on the fabrication surface of the target object 11 is to
disperse the micro-particles 12 in a solvent such as ethanol
and the like, stired with a surfactant to obtain uniform
dispersion. The target object 11 can then be immersed in the
solution. or the solution can be dripped onto the fabrication
surface to cover the fabrication surface with the dispersion
solution. Subsequently, the solvent is removed by evapora-
tion to leave only the micro-particles 12 in situ and uni-
formly distributed on the fabrication surface.

The particle diameter of the micro-particles 12 may be in
the range of: one of 0.1-10 nm; 10-100 nm; and 100 nm to
10 pm. Ferrite, zinc, cobalt and diamond particles are in the
0.1-10 nm range, and aluminum., graphite. gold an silver
particles are in the range of 100 nm to 10 pm. It is preferable
that the micro-particles 12 be spherical but other shapes are
also employable, in which case. the range of particle sizes
may be expressed in terms of the average diameter or the
maximum diameter. It is desirable that the particle size be
uniform, but this is not an essential requirement. If the size
distribution is wide, a preferred range of particle sizes
should be selected.

FIGS. 2A-2C illustrate processing steps in a first method
of ultra-fine microfabrication method using an energy beam
(shortened to microfabrication method hereinbelow).

As shown in FIG. 2A. micro-particles 12 made of mate-
rials such as cobalt, zinc and ferrite. having diameters
ranging from 5 nm to 1 pm, are distributed on the surface of
a target object 11 made of GaAs, Si or glass. The micro-
particles 12, distributed and attached to the fabrication
surface by one of the two methods discussed above to shield
the fabrication surface from the energy beam, are distributed
uniformly with statistical accuracy.

Next, a fast atomic beam (FAB) 13 as an energy beam is
radiated approximately perpendicular to the target object 11
along the direction shown by the arrow in FIG. 2A. Because
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the regions protected by the micro-particles 12 are shielded
from the FAB 13, only those regions which are not protected
by the micro-particles 12 are etched by the FAB 13, and the
etching process proceeds as illustrated in FIG. 2B.

In this case. etching by the FAB 13 is effected not only on
the target object 11 but also on the micro-particles 12 which
gradually become smaller with continuing exposure to the
radiation. However, the speed of shrinking of the micro-
particles 12 will depend on their reactivity with the gas used
for the FAB 13. To produce a fine-structure having a high
aspect ratio, therefor. the FAB 13 is chosen to be either a rare
gas or a gas having a low reactivity with the micro-particles
12 but a high reactivity with the material of the target object
11 so that shrinking of the micro-particles 12 can be con-
trolled to be as little as possible. The result is that it is
possible to leave only those shielded areas of the target
object 11 below the micro-particles 12 unetched to produce
vertical walls of a rod-shaped fine structure. Thus the
structure remaining on the surface of the target object 11 is
a fine structure of rod-shaped protrusions whose diameter
ranges between 5 nm to 1 pm. The uniformity of the
structure is dependent on the uniformity of the particle size
of the micro-particles 12.

After the radiation processing of the target object 11 with
an energy beam has been completed. gaseous particles of
chlorine or fluorine for example. which are reactive with the
target object 11, may be introduced while heating the target
object 11 with a heater or an infrared lamp. Then, isotropical
etching can be performed as illustrated in FIG. 2C. By using
such an isotropical etching process, it is possible to etch both
the micro-particles 12 and the rod-shaped fine structure 14
made of the material of the target object 11. Compared with
the structure 14 shown in FIG. 2B. produced with FAB 13
only. it can be seen that a finer rod-shaped structure 14a can
be produced. The residual micro-particles 12 which remain
after the final etching process are usually unwanted, and they
may be removed from the top of the rod-shaped structure
14a by a material removal process such as water-jet clean-
ing.

The type of the target object material. which can be
processed by the energy-beam assisted microfabrication
method, is not particularly restricted, and includes semicon-
ductor substrate materials such as at least one of GaAs, Si
SiO,. insulation materials such as at least one of glass and
ceramics. as well as metallic materials. For micro-particles
12. if ultra-fine particles of a particle size below 0.1 pm are
required. at least one of ferrite. zinc, cobalt and diamond
may be used. or if the particle size required is between 0.1
to 10 pm. micro-particles 12 of at least one of aluminum.
graphite. gold and silver may be used. The selection of the
material for micro-particles 12 should be made on the basis
of its reactivity with the etching gas or its sputtering prop-
erty.

FIGS. 3A-3E illustrate the processing steps in a second
method of the microfabrication method. In the first embodi-
ment the energy beam used was a fast atomic beam 13 of a
rare gas or a gas which has a high reactivity with the base
material but a low reactivity with the micro-particles to
suppress the etching action on the micro-particles 12. FIGS.
3A-3E present a slightly different aspect of the microfab-
rication method. In this case, some allowance is made for the
shape change (shrinking) in the micro-particles, and the
target object 21 in this case is one of III-V group semicon-
ductor materials. such as one of GaAs, AlGaAs. InAs. Fast
atomic beam (FAB) 23 is gaseous chlorine, and the micro-
particles 22 are nano-particles of diamond of a particle size
between 1 to 50 nm which are reactive with the FAB 23.
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First. as shown in FIG. 3A. diamond nano-particles 22 are
dispersed on the surface of target object 21, and FAB 23 of
gaseous chlorine is directed as shown by the arrow in FIG.
3A. The process of etching proceeds on the fabrication
surface of the target object 21, as illustrated in FIGS. 3B. 3C,
but at the same time, the diamond particles 22 are also
etched, albeit at a low speed. As the size of the diamond
particles shrinks. the protective shielding provided by the
diamond particles 22 against the FAB 23 is also reduced. As
the fabrication process is continued. that portion of the target
object 21 which is protected by the diamond particle 22
decreases in size to produce a fine-tipped structure 24 as
iltustrated in FIG. 3D. When the process is continued until
the diamond particle 22 disappears, the final structure pro-
duced is a cone-shaped fine structure 24 as shown in FIG.
3E. As an example, a cone-shaped fine structure 24 produced
during testing exhibited a respectably high aspect ratio
consisting of a tip diameter of 10 nm and a height of about
250 nm.

After the completion of the energy beam radiation step.
further refinement on the tip shape of the fine-tipped struc-
ture 24 may be carried out by using isotropical etching by
introducing only gaseous chlorine and heating the target
object 21 with a heater or an infrared lamp. In such a case.
a fine structure 24 having a tip dimension of 0.1 to 5.0 nm
may be produced. By thermally assisting the chemical
reaction in the post-FAB stage. it is possible to smooth out
the surface or remove damaged surface layers from the -
surface of the target object 21. This approach is particularly
effective in the production of quantum effect devices. Quan-
tum effect refers to a property associated with a fine structure
of a bulk material which is different than the comresponding
property in the body or base of the bulk material itself. for
example, shifting of the wavelength of input light to a
shorter wavelength or a shift in the electron energy level.
Using the quantum effect, it is possible to shift the wave-
length of an output light beam or laser beam emitted from
the fine structure to a shorter wavelength compared to the
bulk wavelength. When a laser beam is passed through the
fine structure, the wavelength of the output laser beam from
the tip shifts to a shorter wavelength compared to the input
wavelength, thereby increasing the output power of the laser
emitted from the fine structure.

FIGS. 4 and 5 show examples of fabrication to produce
fine structures 30, 40 by arranging the micro-particles in a
two-dimensional periodic pattern on the fabrication surface
of target object materials 31, 41. The fine structure 30 shown
in FIG. 4 comprises an array of fine columns 34 (ic..
rod-shaped structures) on the surface of the target object 31
according to a given pattern (i.e., matrix distribution
pattern). The fine structure 40 shown in FIG. 5 comprises an
array of fine cones 44 (i.c.. rod-shaped structures) on the
surface of the target object 41 according to a matrix distri-
bution pattern. The method of fabrication is basically the
same as those described above. however, the control of the
distribution of micro-particies 32 is based on a further
advancement in the microfabrication method, carried out
with laser-assisted, electric-field assisted. or magnetic-field
assisted distribution of micro-particles. to control the matrix
distribution pattern according to periodic distribution rather
than statistical distribution. The effect of laser radiation is to
ionize the micro-particles 32 themselves or ionize the
boundaries of the micro-particles 32 to generate plasma
status. Therefore. those micro-particles 32 which are radi-
ated with a laser beam become ionized and charged. By
applying an electric field on a laser-focused spot. the micro-
particles 32 can be captured (trapped) and moved to a
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desired location. The resulting distribution is the micro-
particles 32 being disposed on the target objects 31, 41
according to a matrix distribution pattern as illustrated in
FIGS. 4 and §.

When using an electric field effect instead of a laser beam.
an electric field is applied to trapping electrodes to trap the
micro-particles 32 and move them to the desired locations to
produce a periodic array of fine structures. Further, when
using a magnetic field effect. it is possible to utilize magnetic
micro-particles such as ferrite powders dispersed in a
solution, and produce a matrix distribution pattern along the
magnetic flux lines of a magnetic field produced by elec-
tromagnets or permanent magnets. When the micro-particles
32 are to be distributed on a scale of nanometers, it is
possible to utilize a piezo-electric element and apply a
controlled voltage through electrodes or magnetic poles to
expand or contract the piezo-electric element in a nanometer
range to produce a desired matrix distribution pattern of
desired accuracy.

FIG. 6 is an example of the microfabrication method
applied to a target object 50 having a periodic distribution
pattern of a line or row of rod-shaped fine structures 54
disposed on each of two mutually intersecting side planes
Sl1a, 51b of a target object 51 oriented at some angle. The
diameter of the fine structure 54 is between 1 to 20 nm. and
the height is between 10 to 500 nm. An optical axis passing
through each of the two lines of the fine structure 54 merges
at an intersection point P, and each of the fine structures 54
functions as a quantum effect optical amplifier to the laser
beam input from each of laser generators 55. Such a device
having the fine structures 54 can also function as a quantum
effect laser generator when mirror resonators are placed on
both sides of the fine structures 54. In such an optical device,
the wavelength of the output laser can be shifted to a shorter
wavelength or the device may act as an intense power optical
oscillator so that an optical pulse field of extremely high
power may be generated at the intersection point P. It will be
recognized by those skilled in the art that such an intense
power laser beam from such a device would have applica-
tions in many scientific and technical fields, including irra-
diation of materials to generate light, sputtering of atoms,
ionization and severing of atomic chains, in addition to
trapping of micro-particles developed in the methods
described above.

The fabrication target material 60 shown in FIG. 7 is made
on a silicon substrate base 61 in accordance with the steps
presented in the second embodiment described above.
Because the base material is silicon. the energy beam
utilized is a fast atomic beam based on gaseous particles
from a fluorine group. such as SF. Isotropical fabrication is
performed in a post-FAB processing step, by producing a
plasma of fluorine-group gas particles. and supplying a high
concentration of fluorine radicals to the fabrication surface.
The cone-shaped Si fine structure 64 thus produced can be
used as a cantilever needle point in an atomic field micro-
scope (AFM) or scanning tunnelling microscope (STM).
The needle tip is used to examine the surface roughness
configuration of a target object, based on the vertical move-
ment of the needle tip moving along the surface. Because of
the sharpness of the needle tip of the fine structure 64, it can
make concentration of an electric field easy, and can.
therefore, be used as an electron emission source in field
emission applications. Field emission is a technique of
generating a controlled beam of electrons by emitting an
electron beam from a micro-emitter (such as the needle tip
fine structure illustrated) encased in an insulator tube., and
regulating the voltage on beam-guiding electrodes disposed
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at a beam exit port of the insulator tube to control the
emission process. This type of electron beam can be used in
electron beam drawing devices for nanometer range draw-
ing.

FIG. 8 shows an example of a three-dimensional multi-
surfaced element 70 produced by the microfabrication
method of the invention. The cone-shaped fine structures 74
and the rod-shaped fine structures 75 are produced, accord-
ing to the methods described above. on a top surface 71a and
a side surface 71, respectively, of a three-dimensional
target object 71. Each of these fine structures 74. 75 exhibits
a different quantum effect. The cone-shaped fine structures
74 having resonator mirrors 74a, 74b act as optical ampli-
fiers for a laser beam L1. and the rod-shaped fine structures
75 having resonator mirrors 75a, 75b act as optical ampli-
fiers for a laser beam L2. The fine structures 74. 75 generate
laser beams of different wavelengths according to differ-
ences in their quantum effects.

In more detail. the generated laser beam L1 output
through the output mirror 745 and the generated laser beam
L2 output through the output mirror 756 have different
wavelengths, but each beam is directed to a respective
reflection mirror 76. 77 to change the direction of propaga-
tion at right angles. and is then directed to front face 71c of
the target object 71. The laser beams guided to the front face
71c are separated or coupled by rotation mirror 78. and are
input into a photodetector 79. The rotation mirror 78 is an
optical mirror having a different wavelength selectivity on
its front surface than its back surface so that one wavelength
may be filtered or coupled to the other wavelength depend-
ing on the phase relation at the rotation mirror 78, thereby
filtering or mixing the wavelengths of the laser beams L1
and L2. ’

The element 70, having the fine structural features pre-
sented above, can also be utilized in the field of optical
communications. In this case, when a data group comprised
of two different wavelengths is propagated through a com-
mon bus line or separate bus lines, the transmission time is
halved compared with the case of propagating 16-bit data on
a single wavelength. This is because the pulse data having
two different wavelengths can be transmitted simultaneously
through an optical fiber as a common bus line. In such an
application, the photodetector 79 is provided with wave-
length selectors for two wavelengths Al, A2, each having
eight data lines for outputting data through preamplifiers and
parallel signal processors to transmit 8-bit data to memories
and other peripheral devices. In other words. the element 70
is able to simultaneously process 8-bit data carried on two
wavelengths, thus enabling to transmit 2x8=16 bits of data
in half the time. Similarly. by increasing the number of
wavelengths, a multiple integer-number increase in data
transmission speed can be achieved in the same duration of
time. By having a plurality of elements 70. a large number
of groups of information can be transmitted, depending on
the number of wavelengths chosen, thus realizing a high
capacity optical data transmission device.

Instead of the rotation mirror 78, a half mirror or an
electrically-controlled polarizing mirror may also be used.
The photodetector 79 may be replaced with two optical
sensors tuned to two wavelengths Al. A2, and although it
would be necessary to match the phases in this case, there
would be no need for the output selection mirror 78. Another
possibility is to provide more than two rod-shaped or
cone-shaped fine structures on the element 70 so that many
data groups can be transmitted on many different wave-
lengths.

A summary of the overall salient features of the energy
beam-assisted microfabrication method will be reviewed
below.
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The method is based on attaching an positioning of
shielding members, including micro-particles, on the surface
of a target object. with a range of particle sizes of one of
1-10 nm. 10-100 nm and 100 nmto 10 pm. When an energy
beam is radiated onto the surface. those areas not shielded ar
fabricated, i.e.. etched. thereby producing fine structures.
which are of the order of the size of or smaller than the
shielding members. that cannot be fabricated by the con-
ventional photolithography approach. Because the shielding
members are placed on the surface to be fabricated. they are
free from rigid requirements of roughness or flatness of the
surface. This permits a three-dimensional fine structure to be
fabricated by placing the shielding members at any local
areas or different faces of a target object. In contrast. the
conventional photolithography is limited to highly flat,
smooth two-dimensional surfaces. Otherwise, a photoresist
film of a quality acceptable for photolithography cannot be
produced on the surface. By combining the technique of
unisotropical etching with the superior linearity of an energy
beam. flexibility in fabrication can be further enhanced. By
combining the method with the technique of positioning of
the micro-particles on the surface by the use of a laser or
magnetic-electrical field., it is possible to fabricate ultra-fine
structures applicable to quantum effect devices, electronic
and optical devices which are important not only in aca-
demic studies. but in industrial products of the future.

Another feature of the method of the invention is that it is
able to produce fine-tipped structures on any type of material
by a judicious combination of energy beams. material for the
shielding member and the target material. When the etching
condition is chosen to be non-selective, for example if the
energy beam is based on gas particles reactive to the
shielding member as well as to the target material, a fine-
tipped structure can be produced by etching away the
shielding member as well as the target material so that a
cone-shaped structure is produced. On the other hand. when
the etching condition is chosen to be selective, for example
if the energy beam is based on gsa particles reactive to the
target material but not to the shielding member, shrinking of
the micro-particles is suppressed, and a rod-shaped fine
structure having vertical walls can be produced.

Shape control of the fine structures can be exercised in
other ways. For example. if heat is applied locally to a fine
structure to thermally control its reaction rate, it is possible
to isotropically etch the fine structure. After fabricating a
target object with an energy beam. a reactive particle of a
gas, such as chlorine or fluorine gas, is introduced while
heating the fine structure with a localized heating device so
as to etch the fine structure to provide an isotropically etched
structure. This approach produces etching not only on the
micro-particles but also on the fine structure so that, com-
pared with the case of fabrication by FAB only. it is possible
to produce finer structures having controlled cross-sectional
shapes.

A further advantage of the method of the invention is that
an energy beam can be chosen from a wide variety of energy
beams including one of a fast atomic beam. an ion or
electron beam, a laser or radiation beam. and an atomic or
molecular beam. depending on the nature of the target
material and the micro-particles as the shielding member.
For example. an electrically neutral fast atomic beam may be
applied to one of metals, semiconductor and insulation
materials as well as to many other types of materials. An ion
beam is particularly effective for metals, and an electron
beam with a reactive gas particle beam is useful in effecting
fine localized etching of only the area radiated by the
electron beam. A radiation beam is useful when used alone
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or with reactive gas particles to provide chemically-assisted
fabrication based on a mutual interaction of the gas with the
target material. An atomic or molecular beam based on
reactive gas particles is useful to provide a low energy beam
fabrication method.

Next, a method will be presented of evaluating the fab-
rication properties of an energy beam such as a fast atomic
beam (FAB) for producing fine structures by radiating
through a shielding pattern arranged on a fabrication surface
of a target object. Some of these properties are operating
parameters such as fabrication speed. area, and depth as well
as properties related to the nature of the beam. such as
selectivity and shaping capabilities.

FIG. 9A shows the depth of fabrication produced by a
focused energy beam 13 as a function of the distance x from
the center C of the beam 13. FIG. 9B shows a curve P
relating the depths plotted on the y-axis to the position along
the distance x plotted on the x-axis. As shown in FIGS. 9A,
9B. it is possible to evaluate the performance of an energy
beam by dispersing the micro-particles 12 on the surface of
a target object, radiating the surface perpendicularly with a
focused beam to fabricate the surface. and observing the
shape and the depth d of the fine structures 14 produced. The
results are indicative of the distribution of local energies of
the energy beam 13. of the depths of fabrication. of the
density of the energy beam. and are also indicative of
fabrication properties such as selectivity and penetration
capabilities of the energy beam 13.

FIG. 10 is a schematic diagram of an apparatus used for
evaluating the focusing performance of an FAB. The FAB
generation device, regarded as an efficient means of
microfabrication, was redesigned in this invention. Dis-
charge electrodes and discharge ports were designed so that
a plurality of high speed particles 25 emitted from a plurality
of beam discharge ports of the FAB source 18 can be focused
at a focal point F. The focal point F was chosen to that it was
located at a distance L (in mm) below fabrication surface
11a of target object 11 which is GaAs. and the fabrication
surface 11a of the target 11 was heated with an infrared lamp
35. In this experiment, micro-particles having a particle size
of several pm were attached to the surface 11a at a distri-
bution density of several particles per 100 pm?.

FIGS. 11A-11C are graphs showing the dependence of
the depth of etching d (in pm) on the distance L (in mm)
from the surface 1la to the focal point F. The distance L is
positive (+) below the surface. and the horizontal axis is the
same as in FIG. 9B. and represents the distance x (in mm)
from the center C of the energy beam. The depth measure-
ments were made with an electron microscope. FIGS.
11A-11C indicate that the depth of etching becomes larger
towards the center C of the beam (x becomes closer to zero).
The results indicate that the energy particle density is higher
towards the focal point F. It follows that when L=0, a deep
hole can be produced at the center of the beam, and as the
distance L is increased (by moving the focal point F away
from the surface 11a). etching becomes shallow but occurs
over a wide area.

The salient features of the present invention presented to
this point now will be briefly reviewed.

The findings demonstrated that etching of lines or spots of
a diameter less than 1 pm (which are difficult to achieve with
conventional technology) can be achieved easily by dispers-
ing and attaching micro-particles of a given diameter on the
fabrication surface of a material and processing with an
energy beam. The micro-particles can be produced fairly
readily over a wide range of particle sizes employable for the
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present invention. Thus. a relatively wide range of pattern
sizes can be produced by the method of the invention. The
performance characteristics of the energy beam can be
evaluated simply and accurately. as described above. by
dispersing and attaching micro-particles and radiating the
fabrication surface of a material with a suitable energy
beam, and studying the topography of the etched surface by
electron microscopy.

Tests have also confirmed that even when the surface
roughness of the target object is not suitable for the con-
ventional photolithographic approach. the method of the
present invention enables patterns to be produced over a
much wider range of sized and depths than are achievable by
the conventional photolithographic method, thereby making
it possible to evaluate the performance characteristics of any
energy beam over a wide range of sizes and patterns.

Energy beam is a general term used to describe a variety
of energetic beams employable in the microfabrication
method. such as a fast atomic beam. an ion beam. an electron
beam. a laser beam. a radiation beam, an atomic or a
molecular beam. The characteristics of these various beams
are briefly summarized below. A fast atomic beam is a
neutral particle beam and is applicable to all types of metals.
semiconductors or insulators. An ion beam is particularly
effective for metals. An electron beam is useful in localized
processing when used in conjunction with reactive gases. A
radiation beam is applicable to a variety of fabrication
requirements when used alone or with reactive gases to
utilize mutual interaction of the gas with the target material.
An atomic or molecular beam is based on atomic particles or
molecular particles of reactive gases, and is effectively used
for providing a low energy beam for low damage fabrica-
tion.

Next, some examples of fabricating an arrayed structure
by the microfabrication method of the invention will be
demonstrated with reference to FIGS. 12A-12C through
FIG. 14.

FIG. 12A shows a basic approach of the method. Rod-
shaped shielding members 80 (for example, of a width
ranging from one of 0.1~10 nm. 10~100 nm and 100 nm to
10 pm) are placed on the surface of a target object 11
(substrate base) to shield energy beam B directed from
above. There is no need for holding devices for the shielding
members 80, and it is sufficient to just position them in a
suitable pattern. By choosing the type of energy beam B
appropriately. the target object 11 is etched as illustrated in
FIG. 12B to form an arrayed structure comprising a series of
parallel line protrusions 81.

A suitable energy beam for this type of application is a fast
atomic beam comprising uncharged particles having a good
directional property. For the target object 11. Si. GaAs have
been used, but other semiconductor materials, insulators
such as glass, quartz, and metals may also be processed. The
shielding member 8¢ may be made by electrolytic polishing
of one of tungsten. gold. silver. platinum and nickel into a
fine-wire form (of about 50 pm diameter). The shielding
members 80 may be held in place in a suitable manner on the
substrate base.

In place of the material-removal process of etching pre-
sented thus far, it is possible to perform a material-addition
process. such as forming of a deposition film as illustrated
in FIG. 12C, by selecting the beam type and the energy level
suitably. Using an energy level in a range of several to
hundreds of eV, and gaseous sources such as methane for
carbon together with an aluminum- or titanium-containing
gas, insulative or conductive films can be deposited on the
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beam-radiated areas. thereby duplicating the arrangement of
the pattern made by the shielding members 80.

The examples shown in FIGS. 13A and 13B relate to
microfabrication by a fast atomic beam 93 radiating a target
object 91 coated with a photoresist film 92.

In the past. an ion or electron beam has been used for
fabrication. However, because of the loss of linearity of a
charged particle beam due to interference by electrical
charges, or charge accumulation in the case of insulating
material, it has been difficult to perform fabrication in the
range of nanometers. Other fabrication techniques. such as
reactive gas-assisted. ion beam or electron beam fabrication.
involving the reaction of activated gas particles with the
surface material. were also inadequate. In these techniques.
the reactive gas particles are isotropic in their etching
behavior, and directional etching was difficult. and high
precision microfabrication could not be performed. In any
case. none of the existing techniques is sufficiently adaptable
to microfabricate local areas as well as a large area.

Because the conventional photolithographic technique is
incapable of producing fine patterns in the nanometer range.
the fine patterns on the photoresist film 92 on the surface of
the target object 91 in these examples are produced by the
technique of nano-lithography using SEM (Scanning Trans-
mission Electron Microscope) or STM (Scanning Tunneling
Microscope) or with the use of electron-beam holography.
The target object 91 is made of a semiconductor material -
such as Si. SiO, or GaAs having prefabricated patterns of
the photoresist film 92.

To microfabricate the target object 91 having a patterned
photoresist film 92, a FAB 93 of a relatively large diameter
is radiated to the surface as illustrated in FIG. 13A. The FAB
93 is generated from an argon gas FAB source 97, described
in U.S. Pat. No. 5.216.241 for example, and comprising a
discharge space formed by two (or three) flat-plate type
electrodes 95, 96 contained in a housing 94, and introducing
argon gas into the discharge space. The argon FAB source 97
produces an argon plasma in the discharge space by impress-
ing a high voltage between both electrodes 95 and 96. The
ionized gas particles are attracted to the negative electrode
96. where they collide with the gas molecules and combine
with electrons to transform into fast atomic particles. The
neutral particles are discharged from a discharge port in the
negative electrode to provide a neutral fast particle beam.
The relative position of the FAB source 97 and the target
object 91 may be fixed or moved in a plane parallel to the
target object 91 to produce a two-dimensional pattern on the
fabrication surface. In this example. the position is shown to
be fixed for convenience. Also. in the actual fabrication
process. argon gas (Ar) is replaced with a gas having a high
reactivity with the target object 91.

Because the FAB 93 emitted from the FAB source 97 is
an electrically neutral beam. it is not affected by charge
accumulation or electrical or magnetic fields. and exhibits a
superior linearity. Therefore, the FAB 93 can be made to
penetrate straight into ultra-fine holes or grooves. thereby
enabling to fabricate even the bottom surfaces of deep
grooves having a high aspect ratio. In the case of the
embodiment illustrated. the width of the patterns fabricated
on the photoresist film 92 ranged between 0.1-100 nm. The
fabricated depth d. indicated in FIG. 13B, depends on the
aspect ratio, but precision in fabricating the depth d ranged
between 0.1-100 nm.

The results show that. unlike the problematic techniques
of microfabrication based on an ion or electron beam. an
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advantage of microfabrication based on an electrically neu-
tral FAB beam is that the superior linearity of the FAB is
fully utilized to produce fine structures having a high aspect
ratio, because a neutral FAB is not susceptible to local or
irregular changes in electrical potential which affect the
behavior of the ion or electron beam. the neutral FAB does
not adversely affect the properties of a target semiconductor
or insulator material. Therefore. the applicability of the
technique is not limited by the nature of the target material.

FIG. 14 illustrates another embodiment of the present
invention in which an ultra-fine beam 93. in the range of
0.1-100 nm diameter from a FAB source 97, is radiated onto
the fabrication surface of a target object 91 while moving the
target object 91 relative to the source 97 so as to fabricate an
ultra-fine three-dimensional pattern on the fabrication sur-
face. In this case, the beam diameter is adjusted to produce
an ultra-fine beam by disposing a beam aperture control
device 98 between the FAB source 97 and the target object
91. The beam aperture control device 98 is provided with
two or more shield plates 99 having ultra-fine pin holes 994,
and the linearity of the beam is emhanced by passing the
beam through at least two pin holes 99a. The ultra-fine pin
holes 99a are produced by removing atoms from the shield
plate 99 while observing the images under a scanning
tunnelling microscope (STM). for example. The FAB 93
emitted from the FAB source 97 is constricted by the beam
aperture control device 98 to a required beam diameter, and
is intensely focused on a target fabrication spot.

To produce a relative motion of the target object 91 with
respect to the FAB source 97. the target object 91, in this
case. is placed on a micro-manipulator stage which permits
rotation/parallel movement (not shown) according to some
pattern. In the case of target object 91 having the shape
shown in FIG. 14. the FAB is always radiated in the negative
direction along the Z-axis during the fabrication process. A
channel 104 extending from an edge towards the middle of
the target object 91. seen in the front face of the target object
91. is produced by orienting face A of target object 91
perpendicular to the Z-axis and moving the target object 91
in the negative direction along a plane parallel to the X-axis.
When the channel 104 is extended to the middle of the target
object 91, the target object 91 is moved in the negative
direction parallel to the Y-axis to produce the channel 105
which extends to another edge of the target object 91. After
thus completing the fabrication of two orthogonally inter-
secting channels 104 and 105, the target object 91 is rotated
90 degrees about the X-axis so that face B of target object
91 is oriented perpendicular to the Z-axis. Next, the target
object 91 is moved in the negative direction parallel to the
Y-axis to produce a channel 106 which extends towards the
middle of the target object 91. When the channel 106 is
extended to the middle of the target object 91, the target
object 91 is moved in the negative direction parallel to the
X-axis to produce a channel 107 which extends to another
edge of the target object 91. thus producing another two
orthogonally intersecting channels 106 and 107.

Accordingly, by moving the micro-manipulator to provide
rotation combined with linear moving motions in a pre-
programmed pattern. a three-dimensional pattern is fabri-
cated on multiple surfaces of the target object 91. As in the
cases of fabrications by electron beams or focused ion
beams. the three-dimensional fabrication techmique pre-
sented above does not require any reactive gas to be directed
to the fabrication surface. Therefore. superior uniformity
and precision of fabrication can be achieved. When the
target object 91 is Si, a FAB comprised of gaseous particles
such as Cl,. or SF¢4 or CF, may be used. When the target
object 91 is GaAs. a FAB comprised of chlorine gas may be
used.
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In any of the methods presented above. the target object
material is not limited to those used for semiconductor
production such as Si. SiO, or GaAs, and ceramics. glass.
resins and polymers can be fabricated equally effectively. In
these materials also, fine patterns can be produced with high
precision, because there is no danger of accumulating elec-
trical charges or degradation in linearity of the beam caused
by the electrical charges. The target object material may also
be a functionally gradient material comprising at least two
components of metals, semiconductors and insulator in
various composite forms. The combination may be any of
metals and semiconductors, metals and insulators, semicon-
ductors and insulators, and metals and semiconductors and
insulators. In these materials also, fine patterns can be
produced over a large area without being affected by charge
accumulation and loss of linearity.

As explained above. according to the method of the
present invention, ultra-fine fabrication is possible with a
precision range of 0.1 to 10 nm. 10 to 100 nm. either by
radiating a fast atomic beam onto a target object having a
fine-patterned photoresist film. or by radiating a fast atomic
beam having an ultra-fine beam diameter onto the target
object while rotating and/or translating the target object
according to some pattern. In contrast to fabrication by an
ion or electron beam (which is susceptible to local or
irregular changes in electrical potential which may exist on
the fabrication surface. as well as having a problem of
degraded linearity of the beam itself). a fast atomic beam,
which is an electrically neutral particle beam. is pot affected
by charge accumulation or by an electrical/magnetic field.
and is able to produce superior fabrication by maintaining
linearity of the beam during the fabrication process. As a
result of the superior linearity of the beam. the fast atomic
beam is able to be radiated straight into ultra-fine grooves
and holes to enable ultra-fine fabrication over a large area of
fabrication surface. Further, in contrast to an ion or electron
beam which is unsuitable to large-area fabrication. the
method is applicable to semiconductors, insulators. or any
other types of materials over a large area. without adversely
affecting their electrical properties. The method is further
applicable to precision fabrication of an ultra-fine three-
dimensional pattern by radiating an ultra-fine beam of fast
atomic particles onto the fabrication surface and providing
relative movement between the target object and the beam
source according to the pattern.

Although certain preferred embodiments of the present
invention have been shown and described in detail. it should
be understood that various changes and modifications may
be made therein without departing from the scope of the
appended claims.

What is claimed is:
1. A method of microfabrication of an ultra-fine pattern in
a target object, said method comprising:

providing a target surface of said target object with a
photoresist film defining a pattern of a width of 0.1 to
100 nm;

generating, at a beam source having at least two flat
plate-type electrodes and capable of producing a large
diameter beam, a large diameter fast atomic beam; and

radiating the thus generated large diameter fast atomic
beam through said pattern in said photoresist film
toward said target surface, and thereby fabricating in
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said target surface a pattern having a width of 0.1 to 100 3. A method as claimed in claim 1, wherein said target
nm object is made of a material including at least two of a metal,
2. A method as claimed in claim 1, wherein said target a semiconductor and an insulator.

object is formed of an insulative material including one of
ceramic, glass, resin and polymer. ¥ ok x x ok



